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ABSTRACT
Background: Throughout the world, intensive dairy farming has resulted in
grasslands almost devoid of arthropods and birds. Meadow birds appear to be
especially vulnerable during the chick-rearing period. So far, studies have focused
mainly on describing population declines, but solutions to effectively stop these
trends on the short-term are lacking. In this study at a single farm, we experimentally
manipulated soil moisture through occasional irrigation, to mitigate against early
season drainage and create favorable conditions for the emergence of above-ground
arthropods during the meadow bird chick rearing phase.
Methods: To guarantee the presence of at least a sizeable arthropod community for
the measurement of effects of wetting, we selected a farm with low intensity
management. The land use and intensity of the study site and surroundings were
categorized according to the national land use database and quantified using remote
sensing imagery. From May 1 to June 18, 2017, we compared a control situation,
with no water added, to two wetting treatments, a “short-term” (3 weeks)
treatment based on wetting on warm days with a sprinkler system and a “long-term”
treatment next to a water pond with a consistently raised water table from 2010.
We measured soil temperature, soil moisture and resistance as well as the
biomass of arthropods at 3-day intervals. Flying arthropods were sampled by
sticky traps and crawling arthropods by pitfall traps. Individual arthropods were
identified to Order and their length recorded, to assess their relevance to meadow
bird chicks.
Results: The land use analysis confirmed that the selected dairy farm had very low
intensity management. This was different from most of the surrounding area (20 km
radius), characterized by (very) high intensity land use. The experiments showed
that irrigation contributed to cooler soils during midday, and that his happened
already in the early part of the season; the differences with the control increased with
time. In the short- and long-term treatments, soil moisture increased and soil
resistance decreased from the mid-measurement period onward. Compared with the
control, cumulative arthropod biomass was higher in the long-term treatment, but
showed no change in the irrigation treatment. We conclude that small-scale
interventions, such as occasional irrigation, favorably affected local soil properties.
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However, the effects on above-ground arthropod abundance currently appear limited
or overridden by negative landscape-scale processes on arthropods.

Subjects Agricultural Science, Ecology, Entomology, Soil Science
Keywords Arthropod biomass, Water table, Irrigation, Soil properties, Field experiment,
Agricultural intensification, Meadow birds

INTRODUCTION
Post-war agricultural intensification of agriculture has negatively altered the ecology of
rural landscapes (Newton, 2004, 2017). Herb-rich meadows were replaced by
monocultures, foot drains (shallow surface drainage ditches) by underground drainage
pipes, while increased grazing pressure and the heavy use of machinery led to the
degradation of soil structure and natural soil renewal processes; this resulted in hard dry
top soils with low fertility and biodiversity (Roach & Campbell, 1983; EASAC Secretariat,
2018). These changes were correlated with ongoing declines of arthropods. In German
nature reserves, a reduction of 75% was observed between 1989 and 2017 (Hallmann et al.,
2017), probably following a longer trajectory of decline (Benton et al., 2002; Potts et al.,
2010). Vegetation homogeneity has implicated the loss of habitat for many arthropod
species, while the excessive use of agrochemicals contributed substantially to the
disappearance of pollinators and other insects as well (Biesmeijer, 2006; Goulson et al.,
2015; Nilsson, Franzén & Jönsson, 2008; Ollerton et al., 2015; Vickery et al., 2001).

Arthropods are integral to healthy terrestrial ecosystem functioning (Seastedt &
Crossley, 1984; Yang & Gratton, 2014). Pollinators are responsible for the sexual
reproduction of the majority of flowering plants (Ollerton, Winfree & Tarrant, 2011).
About one-third of global food production comes from crops that are partially or
totally dependent on animal pollination (Klein et al., 2007). In the soil, arthropods play
fundamental roles in the decomposition processes (Mattson & Addy, 1975; Chapman et al.,
2003; Panizzi & Parra, 2012), influencing nutrient cycles directly and indirectly
(Chapman et al., 2003;Hawlena & Schmitz, 2010). Last, but not least, arthropods represent
the food source for all those animals who have an insectivorous diet, including about 60%
of bird species (Morse, 1971).

In the last 40 years, declining European farmland bird populations parallel the
arthropod population crash, since meadow birds fail to fledge chicks in environments with
low densities of invertebrates (Kentie et al., 2018; Loonstra, Verhoeven & Piersma, 2018,
2019; Schekkerman & Beintema, 2007). In The Netherlands, the population of one such
European endemic farmland bird, the Black-tailed Godwit (Limosa limosa limosa), has
declined by >70%, with an alarming rate of 6% per year in recent years (BirdLife
International, 2004; Kentie et al., 2016; Van Dijk et al., 2010). Similar declines are shown by
Eurasian Oystercatcher (Haematopus ostralegus), Northern Lapwing (Vanellus vanellus),
Eurasian Curlew (Numenius arquata) and Common Redshank (Tringa totanus)
(PECBMS, 2017; Van Dijk et al., 2010). As the diet of small chicks is entirely comprised of
above-ground arthropods (Loonstra, Verhoeven & Piersma, 2018; Schekkerman &
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Beintema, 2007), the loss of arthropods negatively affects meadow birds particularly during
the breeding season. Food availability is generally hampered directly by the degraded
conditions of the soil, with hard and dry top layers that limit the ability of the birds to
probe into the ground (Gilroy et al., 2008; McCracken & Tallowin, 2004; Onrust et al.,
2019).

Reducing the management intensity of the agricultural fields can improve soil
conditions and habitat quality on the long term. Limited input of agrochemicals facilitates
the recovery of pollinator species (Frampton, Van Den Brink & Gould, 2000; Goulson et al.,
2015), while low additions of organic fertilizer and moderate levels of grazing can
encourage sward heterogeneity and benefit invertebrate prey (Vickery et al., 2001).
However, these changes require changes in policies on a large scale and require a long time
to be implemented. The rapid declining rates in arthropods and birds call for
immediate and innovative solutions (see Fuentes-Montemayor, Goulson & Park, 2011).

Soil temperature and moisture are two important factors that influence arthropods
presence. Laboratory experiments show that below an optimal range of moisture, the
mortality of many arthropods increases (Cho, Rhee & Lee, 2000). Field studies in forests
and in agricultural environments also recorded a negative effect of drought on various
taxa of soil fauna, with Collembola, Diptera and other predatory arthropods declining
under conditions of dry soil and high temperatures (Frampton, Van Den Brink & Gould,
2000; Pflug & Wolters, 2001; Lindberg, Engtsson & Persson, 2002; Tsiafouli et al., 2005).
Artificial irrigation can modify soil characteristics and, in some cases, increase the
abundance of soil fauna (Frampton, Van Den Brink & Gould, 2000; Lindberg, Engtsson &
Persson, 2002). Irrigation is relatively easy for land managers to implement at the
individual field scale which, when applied to multiple fields at once, may form the basis for
a large-scale management intervention towards improving soil conditions for arthropods
and concomitantly meadow birds. However, little is known about the efficacy of
short-term irrigation in increasing above-ground arthropods during the breeding season.

In this study, we manipulated wetting conditions in Dutch dairy grassland.
To maximize the possibility of encountering a healthy arthropod community, and
therefore maximizing the chance for a positive experimental effect, we chose a
conventional agricultural dairy farm with low intensity management (Onrust & Piersma,
2017). To verify the actual ecological quality of the habitat, we quantified the land use
intensity of the farm and its surrounding using remote sensing data (Howison et al., 2018)
and information about land use available in the Dutch national database (Ministerie van
Economische Zaken en Klimaat, 2018). The farm already adopted measures to promote
habitat for breeding meadow birds, including the construction of a water pond in one of
the fields. Therefore, we measured soil conditions (temperature, moisture and resistance)
and arthropod biomass under different treatments: a stable high water table in the field
that was next to the pond (long-term treatment), and periodical irrigation (short-term
treatment) and non-irrigation (control) in an adjacent field. We expected wet and soft soil
to offer the best condition for above-ground arthropod community. Therefore, we
considered the field with the high water table as the one with the best habitat quality and
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predicted improvements in soil conditions and arthropod biomass in the irrigated
treatment.

MATERIALS AND METHODS
Study site
The experimental study took place at the dairy farm in Wommels, province of Friesland, The
Netherlands (53�5′35″N, 5�33′51″E) (Fig. S1). Authorization to work on this area was
granted by the land owner, Murk Nijdam and the Cooperative Verening Sùdewestkust. Land
use on this farm has been classified as permanent agricultural grassland since at least
2009 (Ministerie van Economische Zaken en Klimaat, 2018) and was managed for the
protection of breeding meadow birds within the Dutch Agri-Environmental Schemes.
The management of the grasslands includes one fertilization per year with farmyard manure:
a mixture of straw, cattle dung and urine collected and composted for up to a year (Onrust &
Piersma, 2017). Mowing of all meadows takes place after June 15, because it is assumed
that themajority of meadow bird chicks has fledged after this date. Themowing is followed by
a period of grazing that continues until October or November. Water is drained by an
underground system of pipes, while foot-drains are absent. All the grasslands of the farm have
clay soils. Between May and June temperatures usually range from a minimum of 9–12 �C to
a maximum of 16–18 �C and the average precipitation is 17.2 mm (Koninklijk Nederlands
Meteorologisch Instituut (KNMI), 2018). The construction in one of the fields of a water pond
of approximately 90 × 50 m began in 2009 and finished in 2010.

Contextualization of the landscape
In order to determine the ecological quality of the surrounding landscape, we analyzed the
spatial footprint of different land use intensities at increasing buffer distances from the
study farm (2, 5, 10 and 20 km with the proposed study site as the central point). Land
use was categorized with the Dutch national land use database (Ministerie van
Economische Zaken en Klimaat, 2018) over four buffer zone distances. Land use intensity,
referring to the amount of disturbance, was quantified using the variation surface
roughness measured by the Sentinel-1 C-SAR (active radar) satellite and verified with
detailed ground surveys (see Howison et al., 2018 for a detailed description).

Wetting experiment
Two herb-rich meadows of respectively, 2.8 and 5.4 ha were chosen. In the first grassland
an irrigation pipe with six sprinklers was installed. The pipe crossed the land diagonally,
from the northwest to the southeast corner (Fig. S1). The sprinklers were placed within
50 m from each other and had a reach of 12 m. The pipe was connected to a pump
that drained water from an adjacent canal. The system was manually activated when the
farmer expected a warm day and it was on for a minimum of 5 min to a maximum of
70 min (Fig. S2). The short-term meadow was divided into four blocks, two irrigated
(short-term) and two non-irrigated (control). Each block contained two replicates for the
measurements of soil temperature and arthropod abundance, placed 15 m from each
other. The second grassland, with the water pond, was located 100 m south-west from the
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meadow with the short-term experiments. A set of two replicates was placed in this
grassland at equivalent distances (~35 m) from the pond and the field margin.

Vegetation and soil parameters
One 50 m transect was laid out perpendicular to the irrigation pipe to account for both the
irrigation treatment effect closest to the pipe (distance 0–12 m), and the control treatment
beyond the reach of the irrigation pipe (distance 20–50 m). In the field near water
(long-term treatment) a 50 m transect was laid out 25 m from the edges of the field to avoid
any edge effects and orientated in the same direction as the field with control and irrigation
treatment. Vegetation height (±1 cm) was measured at one m intervals along the transects
by lowering a one m vertical measuring rod into the vegetation to the soil surface and
drawing the 10 closest leaves their full vertical height. Plant species touching the rod at
each one m interval were identified (Streeter et al., 2009).

Soil temperature was measured by Thermochron� iButton� devices (DS1921G) located
at each replicate, sealed into small plastic bags and attached to the surface of the soil.
The loggers were programed to record the temperature every hour starting from the 0.00
on May 1, 2017 until the end of the experiment at 0.00 on June 19, 2017.

Soil moisture was measured at one m intervals along the transects using a ML3 Theta
probe (ML3-UM-1.0; EijkelkampAgrisearch Equipment), with settings: device = ML2
and soil type = organic. To account for the full range of well-drained to water-logged soils,
field capacity was set to 0.999 m−3.

Soil penetration was measured at one m intervals along the transects using a hand-
penetrometer for top-layers (Type IB, EijkelkampAgrisearch Equipment). The internal
springs used were 100N, Ø 1.6 mm for soft moist soils and 150N, Ø 1.75 mm for dry
hard soil. The force used to push a 0.25 cm2 cone to a depth of 11 cm into the soil (the
depth important both for emerging arthropods and probing meadow birds (Lourenço
et al., 2010) was calculated as: Resistance (N/cm2) = (Total force (cm) × Spring force
(N/cm))/Cone diameter (cm2), thereafter converted with a constant factor to kg/cm2. Soil
moisture, soil penetration pressure, vegetation composition and height were surveyed at
three moments during the season, i.e., early (May 1), midterm (May 17) and late (June 8,
2017) (Fig. S2).

Arthropods
Arthropods were sampled over intervals of 3 days between May 1 and June 18, after this
date the meadows were mowed. The experiment was stopped as the mowing disrupts any
season-long monitoring of arthropod biomass and confounds the eventual effects of
the wetting experiment. Sticky traps were used to collect flying arthropods. The traps
consisted of yellow plastic boards of 10 by 60 cm coated in a thin layer of non-drying glue
(Bug Scan�; Biobest Group NV, Westerlo, Belgium). In each replicate, the sticky boards
were positioned facing a north-south orientation. All the arthropods on the traps were
identified to Order and their lengths measured to the nearest mm. Pitfall traps were used to
collect crawling arthropods. They consisted of transparent plastic containers (300 ml)
buried into the ground with the rim on the surface. The containers were half filled with a
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mixture of ethylene glycol and water (1:4) and were refilled approximately once a week to
prevent complete evaporation or excessive dilution in case of rain. Arthropod biomasses
were calculated using the length-weight equations from Rogers, Buschbom & Watson
(1977).

Data analysis
Variation in soil temperatures during the day were analyzed using a generalized additive
model (GAM) with a normal distribution from the R package mgcv (Wood, 2011). The
dataset was divided into two periods: early season (May 1–May 16, 2017) and late season
(May 17–June 8, 2017) and analyzed separately for days with and without irrigation events.
Temperature was used as a response variable, while the treatments and date were used as
predictors. Differences in soil moisture, soil resistance and vegetation height among the
treatments were investigated using one-way ANOVA, post hoc group contrasts were
analyzed using Tukey’s HSD from the R package Agricolae (Mendiburu, 2013) with 95%
confidence intervals. Soil moisture was regressed against soil resistance using a linear
exponential model.

The yields of sticky traps and pitfall traps were analyzed separately. Treatment effects on
the variation in arthropod biomass during the season were analyzed for each Order
separately, considering only Orders that represented at least 1% of the cumulative biomass.
GAMs with γ distribution were used to analyze arthropods biomass (the accumulation of
arthropods over 3-day intervals), with date and treatment as predictor variables (Zuur
et al., 2009). To account for the difference in sample size between treatments, cumulative
biomass was calculated for the duration of the experiment; differences between treatments
were compared using effect size ratios (Hedges, Gurevitch & Curtis, 1999). To analyze
the composition in size, the biomass was divided into three length classes: big (≥4 mm),
small (two to three mm) and very small arthropods (one mm). Land use intensity,
categorized into different land use types (Ministerie van Economische Zaken en Klimaat,
2018), was analyzed with one-way ANOVA for each buffer distance, and post hoc Tukey
HSD was used to determine significantly different groups (Mendiburu, 2013). All analyses
were performed using R 3.3.1 (R Core Team, 2017).

RESULTS
Contextualization of the landscape
Land use categories showed variation in land use intensity (represented by variation in
C-SAR1: Fig. 1), with the lowest intensity use in protected areas and semi-natural
grasslands, followed by agricultural grasslands and temporary grasslands and highest
intensity use in the arable land. Land use intensity of the categories differed significantly
in each buffer zone: two km (ANOVA: F(3,473) = 23.4, R2 = 0.12, P < 0.001), five km
(ANOVA: F(3,2368) = 13, R2 = 0.01, P < 0.001), 10 km (ANOVA: F(4,8897) = 269.5, R2 = 0.10,
P < 0.001), and 20 km buffer zones (ANOVA: F(4,21953) = 1,301, R2 = 0.19, P < 0.001)
(Fig. 1A). The land use intensity of the study farm, characterized as agricultural grassland
(Fig. 1A), but scored lower than that of the protected areas (Fig. 1B).
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Figure 1 Classification of land use and land use intensity variation. Image created using data from
Basisregistratie Gewaspercelen (BRP). (A) Agricultural land use was divided into buffer distances of 2, 5,
10 and 20 km surrounding the study farm and categorized as different land use types; (B) variation in
land use intensity was classified into different land use types (color codes in A and B are identical). The
horizontal line represents the average land use intensity of our study site ± SD. Different letters represent
significant differences P < 0.05 (Tukey HSD), within buffer distances.

Full-size DOI: 10.7717/peerj.7401/fig-1
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In the immediate proximity (two km buffer) of the study farm 50% of the land is under
intermediate or high intensity management, which increases to 60% within a radius of 20
km from the farm (Figs. 2A and 2B).

Soil parameters
Between 13:00 and 15:00 h, soil temperatures daily reached peaks in all treatments
(Figs. 3A and 3B). During the days with irrigation (N = 4), in the early season the highest
values were reached in the control treatment (26.1 ± 0.8 �C) (Fig. 3A), while in the short-
term and long-term treatments the maxima were lower (short-term: 24.3 ± 0.7 �C;
long-term: 19.5 ± 0.7 �C). The GAM model revealed a significantly different pattern of
variation between treatments, especially between the control and the long-term treatments.
On dry days without irrigation events (N = 18), the highest temperature was reached
again in the control treatment (25.5 ± 0.5 �C), followed by short-term (24.0 ± 0.4 �C), and
the long-term treatment (19.8 ± 0.4 �C). In this case, the GAM revealed different patterns
of variation, either for the control and the long-term treatment, than for the control
and short-term treatment (Table 1). During the late season, temperatures were higher
(Fig. 3B). On days with irrigation events (N = 5), the highest values were registered in the
control treatment (31.3 ± 0.5 �C), followed by the short-term treatment (25.1 ± 0.4 �C)
and the long-term one (20.6 ± 0.3 �C). The variation in temperature over time was
significantly different between treatments (Table 1). Similarly, during days without
irrigation (N = 7) the highest peaks were in the control treatment (32.0 ± 0.5 �C), followed

Figure 2 Agricultural land use intensity. Agricultural land use intensity divided into buffer distances of 2, 5, 10 and 20 km surrounding the study
farm, summarized as (A) the standard deviation of change in Radar derived surface roughness (SDev C-SAR1); (B) proportion of land under
different land use intensities within agricultural fields surrounding the study farm. Image produced with the data from ESA remote sensing data,
sentinel 1 CSAR and processed by Ruth A. Howison, University of Groningen. Full-size DOI: 10.7717/peerj.7401/fig-2
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by the irrigation (27.5 ± 0.4 �C) and then the long-term treatment (21.0 ± 0.3 �C). In this
case as well, the variation in temperature over time was significantly different between
treatments (Table 1).

Figure 3 Soil temperature variation during the early season in days with irrigation (A) and without irrigation (B) and during late season with
irrigation (C) and without irrigation (D). The solid red line follows the smoothed trend for the control (without added water) treatment, dark
blue for the long-term (high water table) treatment and light blue the short-term (irrigation) treatment, the shaded area in the respective color
represents ± SD. Full-size DOI: 10.7717/peerj.7401/fig-3

Table 1 Generalized additive model fit of soil temperature to treatment using time (hours) as smoothing term.

Temperature season Days with irrigation Treatment s (h) R2 Deviance
explained (%)

F-value P-value F-value Edf P-value

Early Yes F2,684 = 8.54 <0.001 129.3 7.01 <0.001 0.62 62.7

No F2,1728 = 19.21 <0.001 366.2 7.14 <0.001 0.64 64

Late Yes F2,1512 = 59.45 <0.001 457.9 7.04 <0.001 0.72 72

No F2,1512 = 59.76 <0.001 497.7 7.64 <0.001 0.74 74.5

Note:
Edf refers to the effective degrees of freedom for the smoothing spline.
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In all three treatments, soil moisture decreased during the season (Fig. 4A). During
the first survey on May 1 the highest moisture level was recorded in the short-term
treatment (46.5% ± 4.9%), followed by the long-term one (43.2% ± 5.6%), while the control
treatment was significantly dryer (36.7% ± 4.92%) (ANOVA: F(2,90) = 20.6, R2 = 0.31,
P < 0.001). During the second survey, the short-term site kept the highest moisture values
(48.3% ± 5.5%), followed this time by the control (35.4% ± 3.5%) and finally by the long-
term treatment (33.1% ± 4.0%). The mean moisture value was significantly different
for each treatment (ANOVA: F(2,90) = 70.8, R2 = 0.61, P < 0.001). At the third and last
survey on June 8 the short-term treatment was still the one with the highest moisture
value (33.8% ± 8.2%), but there was no significant difference with the control anymore

Figure 4 Soil characteristics and vegetation at the beginning (May 1), middle (May 17) and end of the
season (June 8), under different treatments namely; control (without added water), long-term (high
water table) and short-term (irrigation). (A) Soil moisture (%), (B) soil resistance (kg/cm2) and
(C) vegetation height (cm). Full-size DOI: 10.7717/peerj.7401/fig-4
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(28.3% ± 4.4%). The long-term treatment (28.3% ± 4.4%), on the other hand, had a
significantly lower level of moisture (ANOVA: F(2,90) = 70.9, R2 = 0.15, P < 0.001).

Soil resistance increased in the course of the season in all three treatments (Fig. 4B)
(2.8 ± 0.8 kg/cm2). During the first survey the highest resistance was recorded in the
control treatment (4.5 ± 1.1 kg/cm2) and was significantly different from the short-term
(2.9 ± 0.7 kg/cm2) and the long-term treatments (2.8 ± 0.7 kg/cm2) (ANOVA: F(2,90) =
30.7, R2 = 0.46, P < 0.001). During the mid-season survey soil resistance was highest in
the control treatment (6.1 ± 1.6 kg/cm2), followed by the long-term (3.9 ± 1.1 kg/cm2) and
the short-term treatments (2.6 ± 1.1 kg/cm2) (ANOVA: F(2,90) = 41.7, R2 = 0.48, P < 0.001).
In the third survey, once again the highest soil resistance was observed in the control
treatment (5.8 ± 1.3 kg/cm2), followed by the short-term (4.5 ± 1.1 kg/cm2) and long-term
treatments (3.7 ± 1.0 kg/cm2) (ANOVA: F(2,90) = 31.8, R2 = 0.41, P < 0.001). Soil resistance
was correlated with the level of moisture by an inverse proportion relationship
(Exponential LM: F(1,298) = 110, R2 = 0.27, P < 0.001).

A total of 23 different plant species were identified. Species richness was similar in the
two transects, but the proportion in which the plants were present was different (Table S1).
The short-term grassland presented a predominance of herbaceous species (Taraxacum
officinale, Trifolium pratensis, Rumix acetosa, Ranunculus acris), while graminoid
species dominated the grassland near water (long-term treatment) (Dactylis glomerata,
Alopercus pratensis, Bromus hordaceous, Elytrigia repens, Poa trivialis). Vegetation height
increased progressively in all three treatments (Fig. 4C). At the beginning of the season,
vegetation was highest in the long-term treatment (17.3 ± 5.5 cm), followed by the
short-term (14.9 ± 9.4 cm) and the control treatments (11.7 ± 5.9 cm) (ANOVA: F(2,90) =
7.7, R2 = 0.15, P < 0.001). In this case only the first and the last one differed significantly.
During mid-season there were no significant differences among treatments and the highest
vegetation was still found in the long-term treatment (36.6 ± 13.9 cm), followed by
the control (31.7 ± 12.6 cm) and the short-term ones (29.0 ± 9.8 cm) (ANOVA:
F(2,90) = 2.3, R2 = 0.05, P < 0.001).

By the end of the season the situation in trend was similar to the beginning, with the
long-term treatment being the one with highest vegetation (57.8 ± 19.9 cm) followed by
the short-term (47.2 ± 19.6 cm) and the control treatments (44.4 ± 17.8 cm). As in the
beginning of the season, the only significant difference was found between the long-term
treatment and the control one (ANOVA: F(2,90) = 5.1, R2 = 0.10, P < 0.001).

Arthropod biomass
The main arthropod Orders present in the sticky traps were Diptera (80.5%), Lepidoptera
(12.4%), Coleoptera (2.8%), Hemiptera (2.5%) and Hymenoptera (1.7%). Aranaea, Acari
and Collembola were also present, but contributed <1% to the total biomass, therefore
were not used in further analysis (Table S2).

For Diptera, the pattern of variation between sticky trap biomass in the long-term
treatment and the control treatment differed significantly (Table 2). Arthropod biomass
was generally higher in the long-term treatment than the other two treatments. Diptera
biomass peaked on May 22 with mean biomass of 464 ± 74 mg. In the control and
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short-term treatments the peak was narrower, with the maximum on the same date, but
lower biomass immediately before and after (Fig. 5A).

For Hemiptera there was a significant difference in the patterns of sticky trap biomass in
the long-term treatment compared to the control and short-term ones (Table 2). The main
peak in the last two was reached June 12–15, with a mean biomass of 42 ± 9 mg in the
short-term treatment and 37 ± 1 mg in the control treatment. In the long-term treatment,
flying Hemiptera were consistently low or absent (Fig. 5D).

For the other Orders (Lepidoptera, Coleoptera and Hymenoptera) there were no
significant differences among treatments in the patterns of variation during the season
(Table 2). Lepidoptera appeared mainly in the last part of the season, small peaks were
visible in the long-term treatment around the June 3 and in the control treatment around
June 9 (Fig. 5B). Coleoptera reached the maximum abundance during the last part of
the season, with the highest peaks in the control (60 ± 49 mg) and in long-term treatments
(32 ± 24 mg) on June 18 (Fig. 5C). Hymenoptera showed a constant, low-abundance
pattern during the season, with two shallow peaks in the short-term treatment on the 17
(12 ± 2 mg) and May 31 (8 ± 2 mg) (Fig. 5E). The comparison of treatment effects on
cumulative biomass showed no effect of the irrigation treatment and a positive effect of the
long-term treatment (Table 3). On average, less than 10% of the individuals from each
sampling events had a size of ≥4 mm (8.5%, SD = 4.5), while the vast majority was small,
with a length of two or three mm (43.1%, SD = 11.7) or very small, with a length of one mm
(48.3%, SD = 11.8) (Fig. 6).

In the pitfall traps, the composition consisted mainly in Coleoptera (40.1%), Aranaea
(33.3%), Diptera (12.6%) and Lepidoptera (7.3%). Samples presented also minor quantity
(<1%) of Hymenoptera, Coleoptera larvae and Lepidoptera larvae, Hemiptera, Collembola
and Acari (Table S2). All the GAM models for the different Orders of the pitfall traps
showed the date affecting biomass over the season (P < 0.001), but no difference in the
pattern of variation among treatments (Table 4). Coleoptera showed a pattern with a
progressive increase by the end of the season, with the highest peak in the control field
(111 ± 5 mg) (Fig. 7A). Aranaea had a small peak in all the treatments during the first half of
the season, between May 19 and 22 (control: 57 ± 1 mg, short-term: 46 ± 9 mg, long-term:
66 ± 3 mg) (Fig. 7B). Diptera were most abundant in the pitfall traps shortly after the

Table 2 Generalized additive models fit of arthropod biomass to treatment using date as smoothing
term for sticky traps.

Sticky traps Order Treatment s (date) R2 Deviance
explained (%)

F-value P-value F-value Edf P-value

Diptera F2,160 = 10.57 <0.001 29.23 8.76 <0.001 0.76 56.9

Lepidoptera F2,160 = 0.27 0.77 1.65 0.38 <0.001 0.38 56.1

Coleoptera F2,160 = 0.28 0.75 4.4 8.79 <0.001 0.41 38.1

Hemiptera F2,160 = 9.81 <0.001 14.92 7.66 <0.001 0.81 80.3

Hymenoptera F2,160 = 2.65 <0.1 8.09 7.49 <0.001 0.42 41.2

Note:
Edf refers to the effective degrees of freedom for the smoothing spline.
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beginning of the season (control: 19 ± 6 mg, short-term: 20 ± 5 mg, long-term 22 ± 8 mg),
while showed a constant and low-abundance pattern during the rest of time (Fig. 7C).
Lepidoptera showed a constant pattern during the whole season, with no peaks in any
particular treatment (Fig. 7D). Compared with the sticky traps, the ratio between cumulative
biomass in the short-term and long-term sites against the controls but there was still a small
positive effect of the treatments (Table 3). The average of arthropods with a size ≥4 mm in
each sampling events was higher than in the sticky traps (31 %, SD = 12). Very small
individuals with size of one mm represented almost half of the samples (49%, SD = 14),
while arthropods with size two to three mm constituted the rest (20%, SD = 10) (Fig. 8).

DISCUSSION
The experimental soil wetting was carried out in two fields classified as conventional
agricultural grasslands with low land use intensity, in accordance with the intended

Figure 5 Biomass variation found in the sticky traps over the season. (A) Diptera, (B) Lepidoptera, (C) Coleoptera, (D) Hemiptera and
(E) Hymenoptera. The graphs are shown in order of decreasing biomass, note the different scales on the y axes. The solid red line follows the
smoothed trend for the control (without added water) treatment, dark blue for the long-term (high water table) treatment and light blue the
short-term (irrigation) treatment, the shaded area in the respective color represents ± SD. Full-size DOI: 10.7717/peerj.7401/fig-5
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provision of meadow bird breeding habitat (Onrust & Piersma, 2017). The strengths of this
study are its experimental and comparative character, the detailed observations on soils
and arthropods and the novel landscape contextualization. The quantification of land
use intensity added a new and valuable dimension to the national land use categories,

Table 3 Summary of the log ratio differences comparing the cumulative arthropod biomass of the
control treatment (no water added) (N = 4) to the irrigation treatment (N = 4) and near water
treatment (N = 2).

Replicates Sticky traps Pitfall traps

Short-term Long-term Short-term Long-term

1 0.151 0.289 0.456 0.481

2 0.124 0.106 0.223 −0.018

3 −0.032 – −0.043 –

4 −0.059 – −0.276 –

Average 0.046 0.197 0.090 0.232

Figure 6 Size distribution of the arthropods during the season in the sticky traps. Individuals with a
length ≥4 mm are in orange, two to three mm individuals are in yellow, and one mm individuals are in
light blue. Full-size DOI: 10.7717/peerj.7401/fig-6

Table 4 Generalized additive models fit of arthropod biomass to treatment using date as smoothing
term for pitfall traps.

Pitfall traps Order Treatment s (date) R2 Deviance
explained (%)

F-value P-value F-value Edf P-value

Coleoptera F2,160 = 0.15 0.86 14.55 1 <0.001 0.08 7.96

Aranaea F2,160 = 0.87 0.42 5.35 3.65 <0.001 0.13 21

Diptera F2,160 = 0.38 0.68 8.54 5.50 <0.001 0.35 30.5

Lepidoptera F2,160 = 0.20 0.82 4.88 7.70 <0.001 0.45 86.6

Note:
Edf refers to the effective degrees of freedom for the smoothing spline.
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Figure 8 Size distribution of the arthropods during the season in the pitfall traps. Individuals with
length ≥4 mm are in orange, individuals of two to three mm are in yellow, and individuals of one mm are
in light blue. Full-size DOI: 10.7717/peerj.7401/fig-8

Figure 7 Biomass variation in found in the pitfall traps over the season. (A) Coleoptera, (B) Aranaea, (C) Diptera and (D) Lepidoptera.
The solid red line follows the smoothed trend for the control (without added water) treatment, dark blue for the long-term (high water table)
treatment and light blue the short-term (irrigation) treatment, the shaded area in the respective color represents ± SD.

Full-size DOI: 10.7717/peerj.7401/fig-7
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spatially contextualizing these low intensity managed fields within a neighborhood of high
intensity managed agricultural grasslands. We see this study as a starting point: the fast
development of technologies to measure arthropod abundances and diversity with
automated image recognition (Martineau et al., 2017), should now make it possible to redo
this type of study with adequate replication across farms and across time.

Soil temperature, moisture and resistance are key factors in many phases of arthropods
life-cycles. The occasional wetting was able to modify characteristics of the soil keeping the
soil cool, moist and soft. Irrigation did affect ground temperature already early in
the season, with greater differences in temperature peaks as the season proceeded.
The addition of water also affected soil moisture, keeping it significantly higher until
mid-season, while soil resistance was always lower in the short-term treatment rather than
in the control. Hulthen & Clarke (2006) showed that for some Diptera extreme moisture
conditions have significant influence on pupal survival, with high mortality in dry soils
and less likelihood to penetrate them to pupate. Eggs are vulnerable to desiccation and
high temperature can accelerate hatching rates but decrease larval survival (Johnson et al.,
2010). Laboratory studies on different species showed effects on the regulation of the
diapauses and the development of the larvae (Cho, Rhee & Lee, 2000; Dimou et al., 2003;
Ellis et al., 2004; Neven, 2000). Thus, the wet conditions created in this study are expected
to favor arthropods emergence (Hamza & Anderson, 2005; Hulthen & Clarke, 2006;
Johnson et al., 2010). Nevertheless, the effect on invertebrate biomass in the short-term
treatment was small. Since the irrigation only started at the beginning of the breeding
season, it is possible that the beneficial effects of the irrigation on arthropods biomass
would only have become evident after the sampling period, when the eggs and larvae that
were in the soil during the experiment would have hatched and emerged. In any case, such
delayed effects of the irrigation on arthropod biomass would not have benefitted meadow
bird chicks, growing up during the short window of time covered by our sprinkler
treatment (Kentie et al., 2018; Loonstra, Verhoeven & Piersma, 2018). We note that the vast
majority of the arthropods was either small (two to three mm) or very small (one mm).
The pitfall traps had higher proportion of bigger individuals (≥4 mm) than the sticky traps,
although the cumulative biomass in these traps was remarkably lower. According to
Beintema et al. (1991), arthropods of this size would not be large enough to sustain growing
meadow bird chicks.

The overall conditions of lower temperatures, elevated initial moisture and soft soil
were associated with a higher cumulative arthropod biomass in the long-term treatment.
This is consistent with the idea that stable wet conditions promote egg-laying
opportunities for arthropods. As soil temperatures were consistently lower than in the
control and short-term wetting treatments, the stable high water table would have
provided a buffer to temperature fluctuations, keeping the soil cooler throughout the day.
These may have been beneficial for the soil fauna, as heat peaks like those recorded in the
control and short-term treatments may negatively affect arthropod larvae and adult
survival (Gilbert & Raworth, 1996; Neven, 2000).

Plant communities shape arthropod communities (Perner et al., 2005; however, see
Schaffers et al., 2008), so differences in vegetation might have contributed to the differences
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between fields where the experiment was conducted. Differences in plant species
composition might also be behind the uneven presence of the Hemiptera, that were
completely absent in the long-term treatment. Almost all the individuals sampled from
this Order were leafhoppers (Cicadellidae) and the distribution of these plant-sucking
insects is tightly related to presence of the host plant species (Biederman, 2002).
The proximity to a pond in the long-term treatment might have contributed to the
abundance of flying arthropods, who came close to the water for feeding or courtship
(Fig. 5) (Drake, 2001).

The landscape analysis revealed that the management intensity of the dairy farm
where the study took place is even lower than in protected areas (Fig. 1B). Therefore, the
study farm should yield good chances of finding a healthy invertebrate community.
However, the farm is embedded in a landscape with high intensity use. In fact, the analysis
revealed that half of the fields in the surroundings of the farm have intermediate or high
intensity of usage, and the percentage of high intensity use increases with distance.
Furthermore, the data on land use classification indicates that some of the low intensity fields
that are present are monocultures and therefore with very limited diversity. Local factors,
such as management practices, and regional factors, such as distance to high-diversity
habitats, determine local biodiversity (Tscharntke & Brandl, 2004). It seems likely that the
effects of the wetting were limited or overridden by negative landscape-scale processes.

While current studies meticulously document and call attention to the alarming loss of
biodiversity from the 1950s (Lister & Garcia, 2018; Newton, 2017;WWF, 2018), innovative
short-term management actions are needed to mitigate against the ongoing trajectory of
decline. The wetting experiments showed how important moisture is to improve soil
conditions. Nevertheless, the restoration of biodiversity-rich agricultural landscapes
requires landscape-wide changes in agriculture.

CONCLUSIONS
We hypothesized that the occasional irrigation in a dairy farm would improve soil
conditions and enhance arthropod emergence during the period of rapid growth by
meadow bird chicks. The landscape analysis confirmed that the experimental farm had
low levels of land use and a good chance to offer a relatively healthy invertebrate
community. We found that the (long-term) treatment of stable high water provided more
arthropod biomass to prospective young meadow birds than short-term water irrigated
and control fields. Irrigation made soils cooler, moister and softer, but on the short
term the arthropod biomass did not visibly respond. Moreover, and perhaps reflecting the
wider landscape context, the arthropods sampled were generally too small to be considered
suitable food for meadow bird chicks. Thus, we emphasize the urgency of finding
innovative solutions to stop biodiversity loss in agricultural environments on the short-
and the long-term.

ACKNOWLEDGEMENTS
We thank farmer Murk Nijdam for his ideas to enable this test of some of his ideas on the
availability of arthropods for meadow bird chicks and for facilitating and carrying out

De Felici et al. (2019), PeerJ, DOI 10.7717/peerj.7401 17/22

http://dx.doi.org/10.7717/peerj.7401
https://peerj.com/


the actual wetting experiment. We are grateful for the encouragement and feedback by
Jouke Altenburg and we thank the anonymous reviewers for constructive comments.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work was supported by Vogelbescherming Nederland-BirdLife Netherlands who
financed the contribution of Livia De Felici, whilst the 2014 Spinoza Premium of the
Netherlands Organization for Scientific Research (NWO) financed Theunis Piersma and
Ruth Howison. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:
Vogelbescherming Nederland-BirdLife Netherlands.
2014 Spinoza Premium of the Netherlands Organization for Scientific Research (NWO).

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Livia De Felici performed the experiments, analyzed the data, contributed reagents/
materials/analysis tools, prepared figures and/or tables, authored or reviewed drafts of
the paper.

� Theunis Piersma conceived and designed the experiments, authored or reviewed drafts
of the paper, approved the final draft.

� Ruth A. Howison performed the experiments, analyzed the data, contributed reagents/
materials/analysis tools, prepared figures and/or tables, authored or reviewed drafts of
the paper.

Field Study Permissions
The following information was supplied relating to field study approvals (i.e., approving
body and any reference numbers):

Authorization to work on this area was granted by the land owner, Murk Nijdam and
the Cooperative Verening Sùdewestkust (Farming collective union).

Data Availability
The following information was supplied regarding data availability:

Data is available in the Supplemental Files and Dataverse:
De Felici, Livia; Piersma, Theunis; Howison, Ruth A., 2019, “Replication Data for:

Above-ground arthropod biomass responses to short- and long-term soil wetting in Dutch
dairy farmland,” https://hdl.handle.net/10411/AXFJSX, DataverseNL, V1.

De Felici et al. (2019), PeerJ, DOI 10.7717/peerj.7401 18/22

http://dx.doi.org/10.7717/peerj.7401#supplemental-information
https://hdl.handle.net/10411/AXFJSX
http://dx.doi.org/10.7717/peerj.7401
https://peerj.com/


Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.7401#supplemental-information.

REFERENCES
Beintema AJ, Thissen JB, Tensen D, Visser GH. 1991. Feeding ecology of Charadriiform chicks in

agricultural grassland. Ardea 79:31–43.

Benton TG, Cole LJ, Benton TIMG, Bryant DM, Cole L, Crick HQP. 2002. Linking agricultural
practice to insect and bird populations: a historical study over three decades. Journal of Applied
Ecology 39(4):673–687 DOI 10.1046/j.1365-2664.2002.00745.x.

Biederman R. 2002. Leafhoppers (Hemiptera, Auchenorrhyncha) in fragmented habitats. Denisia
176:523–530.

Biesmeijer JC. 2006. Parallel declines in pollinators and insect-pollinated plants in Britain and the
Netherlands. Science 313(5785):351–354 DOI 10.1126/science.1127863.

BirdLife International. 2004. Birds in Europe: population estimates, trends and conservation status.
Vol. 12. Cambridge: BirdLife International.

Chapman SK, Hart SC, Cobb NS, Whitham TG, Koch GW. 2003. Insect herbivory increases litter
quality and decomposition: an extension of the acceleration hypothesis. Ecology
84(11):2867–2876 DOI 10.1890/02-0046.

Cho Y, Rhee S, Lee S. 2000. Effect of soil moisture on development. Florida Entomologist
3:915–919.

Dimou I, Koutsikopoulos C, Economopoulos AP, Lykakis J. 2003. Depth of pupation of the wild
olive fruit fly, Bactrocera (Dacus) oleae (Gmel.) (Dipt., Tephritidae), as affected by soil abiotic
factors. Journal of Applied Entomology 127(1):12–17 DOI 10.1046/j.1439-0418.2003.00686.x.

Drake M. 2001. The importance of temporary waters for Diptera (true-flies). Freshwater Forum
17:26–39.

EASAC Secretariat. 2018. Opportunities for soil sustainability in Europe. Teutschenthal: Deutsche
Akademie der Naturforscher Leopoldina.

Ellis JD Jr, Hepburn R, Luckman B, Elzen PJ. 2004. Effects of soil type, moisture, and density on
pupation success of Aethina tumida (Coleoptera: Nitidulidae). Environmental Entomology
33(4):794–798 DOI 10.1603/0046-225X-33.4.794.

Frampton GK, Van Den Brink PJ, Gould PJL. 2000. Effects of spring drought and irrigation on
farmland arthropods in southern Britain. Journal of Applied Ecology 37(5):865–883
DOI 10.1046/j.1365-2664.2000.00541.x.

Fuentes-Montemayor E, Goulson D, Park KJ. 2011. The effectiveness of agri-environment
schemes for the conservation of farmland moths: assessing the importance of a landscape-scale
management approach. Journal of Applied Ecology 48(3):532–542
DOI 10.1111/j.1365-2664.2010.01927.x.

Gilbert N, Raworth DA. 1996. Insects and temperature—a general theory. Canadian Entomologist
128(1):1–13 DOI 10.4039/Ent1281-1.

Gilroy JJ, Anderson GQA, Grice PV, Vickery JA, Bray I, Nicholas Watts P, Sutherland WJ.
2008. Could soil degradation contribute to farmland bird declines? Links between soil
penetrability and the abundance of yellow wagtails Motacilla flava in arable fields. Biological
Conservation 141(12):3116–3126 DOI 10.1016/j.biocon.2008.09.019.

De Felici et al. (2019), PeerJ, DOI 10.7717/peerj.7401 19/22

http://dx.doi.org/10.7717/peerj.7401#supplemental-information
http://dx.doi.org/10.7717/peerj.7401#supplemental-information
http://dx.doi.org/10.1046/j.1365-2664.2002.00745.x
http://dx.doi.org/10.1126/science.1127863
http://dx.doi.org/10.1890/02-0046
http://dx.doi.org/10.1046/j.1439-0418.2003.00686.x
http://dx.doi.org/10.1603/0046-225X-33.4.794
http://dx.doi.org/10.1046/j.1365-2664.2000.00541.x
http://dx.doi.org/10.1111/j.1365-2664.2010.01927.x
http://dx.doi.org/10.4039/Ent1281-1
http://dx.doi.org/10.1016/j.biocon.2008.09.019
http://dx.doi.org/10.7717/peerj.7401
https://peerj.com/


Goulson D, Nicholls E, Botías C, Rotheray EL. 2015. Bee declines driven by combined stress from
parasites, pesticides, and lack of flowers. Science 347(6229):1255957
DOI 10.1126/science.1255957.

Hallmann CA, Sorg M, Jongejans E, Siepel H, Hofland N, Schwan H, De Kroon H. 2017. More
than 75 percent decline over 27 years in total flying insect biomass in protected areas. PLOS ONE
12:1–21.

Hamza MA, Anderson WK. 2005. Soil compaction in cropping systems: a review of the nature,
causes and possible solutions. Soil and Tillage Research 82(2):121–145
DOI 10.1016/j.still.2004.08.009.

Hawlena D, Schmitz OJ. 2010. Herbivore physiological response to fear of predation alters
ecosystem nutrient dynamics. Proceedings of the National Academy of Sciences of the United
States of America 107(35):15503–15507 DOI 10.1073/pnas.1009300107.

Hedges LV, Gurevitch J, Curtis PS. 1999. The meta-analysis of response ratios in experimental
ecology. Ecology 80(4):1150–1156.

Howison RA, Piersma T, Kentie R, Hooijmeijer JCEW, Olff H. 2018. Quantifying landscape-
level land-use intensity patterns through radar-based remote sensing. Journal of Applied Ecology
55(3):1276–1287 DOI 10.1111/1365-2664.13077.

Hulthen AD, Clarke AR. 2006. The influence of soil type and moisture on pupal survival of
Bactrocera tryoni (Froggatt) (Diptera: Tephritidae). Australian Journal of Entomology
45(1):16–19 DOI 10.1111/j.1440-6055.2006.00518.x.

Johnson SN, Gregory PJ, McNicol JW, Oodally Y, Zhang X, Murray PJ. 2010. Effects of soil
conditions and drought on egg hatching and larval survival of the clover root weevil (Sitona
lepidus). Applied Soil Ecology 44(1):75–79 DOI 10.1016/j.apsoil.2009.10.002.

Kentie R, Coulson T, Hooijmeijer JCEW, Howison RA, Loonstra AHJ, Verhoeven MA, Both C,
Piersma T. 2018.Warming springs and habitat alteration interact to impact timing of breeding
and population dynamics in a migratory bird. Global Change Biology 24(11):5292–5303
DOI 10.1111/gcb.14406.

Kentie R, Senner NR, Hooijmeijer JCEW, Márquez-Ferrando R, Figuerola J, Masero JA,
Verhoeven MA, Piersma T. 2016. Estimating the size of the Dutch breeding population of
continental Black-tailed Godwits from 2007–2015 using resighting data from spring staging
sites. Ardea 104(3):213–225 DOI 10.5253/arde.v104i3.a7.

Klein A-M, Vaissiere BE, Cane JH, Steffan-Dewenter I, Cunningham SA, Kremen C,
Tscharntke T. 2007. Importance of pollinators in changing landscapes for world crops.
Proceedings of the Royal Society B: Biological Sciences 274(1608):303–313
DOI 10.1098/rspb.2006.3721.

Koninklijk Nederlands Meteorologisch Instituut (KNMI). 2018. Daggegevens van het weer in
Nederland. Available at https://www.knmi.nl/nederland-nu/klimatologie/daggegevens.

Lindberg N, Engtsson JB, Persson T. 2002. Effects of experimental irrigation and drought on the
composition and diversity of soil fauna in a coniferous stand. Journal of Applied Ecology
39(6):924–936 DOI 10.1046/j.1365-2664.2002.00769.x.

Lister BC, Garcia A. 2018. Climate-driven declines in arthropod abundance restructure a
rainforest food web. Proceedings of the National Academy of Sciences of the United States of
America 115(44):E10397–E10406 DOI 10.1073/pnas.1722477115.

Loonstra AHJ, Verhoeven MA, Piersma T. 2018. Sex-specific growth in chicks of the sexually
dimorphic Black-tailed Godwit. Ibis 160(1):89–100 DOI 10.1111/ibi.12541.

De Felici et al. (2019), PeerJ, DOI 10.7717/peerj.7401 20/22

http://dx.doi.org/10.1126/science.1255957
http://dx.doi.org/10.1016/j.still.2004.08.009
http://dx.doi.org/10.1073/pnas.1009300107
http://dx.doi.org/10.1111/1365-2664.13077
http://dx.doi.org/10.1111/j.1440-6055.2006.00518.x
http://dx.doi.org/10.1016/j.apsoil.2009.10.002
http://dx.doi.org/10.1111/gcb.14406
http://dx.doi.org/10.5253/arde.v104i3.a7
http://dx.doi.org/10.1098/rspb.2006.3721
https://www.knmi.nl/nederland-nu/klimatologie/daggegevens
http://dx.doi.org/10.1046/j.1365-2664.2002.00769.x
http://dx.doi.org/10.1073/pnas.1722477115
http://dx.doi.org/10.1111/ibi.12541
http://dx.doi.org/10.7717/peerj.7401
https://peerj.com/


Loonstra AHJ, Verhoeven MA, Senner NR, Hooijmeijer JCEW, Piersma T, Kentie R. 2019.
Natal habitat and sex-specific survival rates result in a male-biased adult sex ratio. Behavioral
Ecology 30(3):843–851 DOI 10.1093/beheco/arz021.

Lourenço PM, Kentie R, Schroeder J, Alves JA, Groen NM, Hooijmeijer JCEW, Piersma T.
2010. Phenology, stopover dynamics and population size of migrating black-tailed Godwits
Limosa Limosa Limosain Portuguese Rice Plantations. Ardea 98(1):35–42
DOI 10.5253/078.098.0105.

Martineau M, Conte D, Raveaux R, Arnault I, Munier D, Venturini G. 2017. A survey on image-
based insect classification. Pattern Recognition 65:273–284 DOI 10.1016/j.patcog.2016.12.020.

Mattson WJ, Addy ND. 1975. Phytophagous insects as regulators of forest primary production.
Science 190(4214):515–522 DOI 10.1126/science.190.4214.515.

McCracken DI, Tallowin JR. 2004. Swards and structure: the interactions between farming
practices and bird food resources in lowland grasslands. Ibis 146(Suppl. 2):108–114
DOI 10.1111/j.1474-919X.2004.00360.x.

Mendiburu F. 2013. Statistical procedures for agricultural research. Package ‘Agricolae,’ version 1.4-
4. Vienna: Comprehensive R Archive Network, Institute for Statistics and Mathematics.

Ministerie van Economische Zaken en Klimaat. 2018. Basisregistratie Gewaspercelen (BRP).
Available at https://data.overheid.nl/dataset/52172-basisregistratie-gewaspercelen–brp-.

Morse DH. 1971. The insectivorous bird as an adaptive strategy. Annual Review of Ecology and
Systematics 2(1):177–200 DOI 10.1146/annurev.es.02.110171.001141.

Neven LG. 2000. Physiological responses of insects to heat. Postharvest Biology and Technology
21(1):103–111 DOI 10.1016/S0925-5214(00)00169-1.

Newton I. 2004. The recent declines of farmland bird populations in Britain: an appraisal of causal
factors and conservation actions. Ibis 146(4):579–600 DOI 10.1111/j.1474-919X.2004.00375.x.

Newton I. 2017. Farming and birds. London: Harper Collins.

Nilsson SG, Franzén M, Jönsson E. 2008. Long-term land-use changes and extinction of
specialised butterflies. Insect Conservation and Diversity 1:197–207.

Ollerton J, Erenler H, Edwards M, Crockett R. 2015. Extinctions of aculeate pollinators in Britain
and the role of large-scale agricultural changes. Science 346(6215):1360–1362
DOI 10.1126/science.1257259.

Ollerton J, Winfree R, Tarrant S. 2011. How many flowering plants are pollinated by animals?
Oikos 120(3):321–326 DOI 10.1111/j.1600-0706.2010.18644.x.

Onrust J, Piersma T. 2017. The hungry worm feeds the bird. Ardea 105(2):153–161
DOI 10.5253/arde.v105i2.a4.

Onrust J, Wymenga E, Piersma T, Olff H. 2019. Earthworm activity and availability for meadow
birds is restricted in intensively managed grasslands. Journal of Applied Ecology 56(6):1333–1342
DOI 10.1111/1365-2664.13356.

Panizzi AR, Parra JR. 2012. Insect bioecology and nutrition for integrated pest management.
Boca Raton: CRC Press.

PECBMS. 2017. Trends and indicators: European indicators. Available at https://pecbms.info/
trends-and-indicators/indicators/all/yes/indicators/E_C_All,E_C_Fa/.

Perner J, Wytrykush C, Kahmen A, Buchmann N, Egerer I, Creutzburg S, Odat N, Audorff V,
Weisser WW. 2005. Effects of plant diversity, plant productivity and habitat parameters on
arthropod abundance in montane European grasslands. Ecography 28(4):429–442
DOI 10.1111/j.0906-7590.2005.04119.x.

De Felici et al. (2019), PeerJ, DOI 10.7717/peerj.7401 21/22

http://dx.doi.org/10.1093/beheco/arz021
http://dx.doi.org/10.5253/078.098.0105
http://dx.doi.org/10.1016/j.patcog.2016.12.020
http://dx.doi.org/10.1126/science.190.4214.515
http://dx.doi.org/10.1111/j.1474-919X.2004.00360.x
https://data.overheid.nl/dataset/52172-basisregistratie-gewaspercelen--brp-
http://dx.doi.org/10.1146/annurev.es.02.110171.001141
http://dx.doi.org/10.1016/S0925-5214(00)00169-1
http://dx.doi.org/10.1111/j.1474-919X.2004.00375.x
http://dx.doi.org/10.1126/science.1257259
http://dx.doi.org/10.1111/j.1600-0706.2010.18644.x
http://dx.doi.org/10.5253/arde.v105i2.a4
http://dx.doi.org/10.1111/1365-2664.13356
https://pecbms.info/trends-and-indicators/indicators/all/yes/indicators/E_C_All,E_C_Fa/
https://pecbms.info/trends-and-indicators/indicators/all/yes/indicators/E_C_All,E_C_Fa/
http://dx.doi.org/10.1111/j.0906-7590.2005.04119.x
http://dx.doi.org/10.7717/peerj.7401
https://peerj.com/


Pflug A, Wolters V. 2001. Influence of drought and litter age on Collembola communities.
European Journal of Soil Biology 37(4):305–308 DOI 10.1016/S1164-5563(01)01101-3.

Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. 2010. Global
pollinator declines: trends, impacts and drivers. Trends in Ecology & Evolution 25(6):345–353
DOI 10.1016/j.tree.2010.01.007.

R Core Team. 2017. CRAN R version 3.3.1. Available at https://cran.r-project.org/.

Roach SH, Campbell RB. 1983. Effects of soil compaction on Bollworm (Lepidoptera: Noctuidae)
Moth emergence. Environmental Entomology 12(6):1883–1886 DOI 10.1093/ee/12.6.1883.

Rogers LE, Buschbom RL, Watson CR. 1977. Length-weight relationships of shrub-steppe
invertebrates. Annals of the Entomological Society of America 70(1):51–53
DOI 10.1093/aesa/70.1.51.

Schaffers AP, Raemakers IP, Sýkora KV, Ter Braak CJF. 2008. Arthropod assemblages are best
predicted by plant species composition. Ecology 89:782–794.

Schekkerman H, Beintema AJ. 2007. Abundance of invertebrates and foraging success of Black-
tailed Godwit Limosa limosa chicks in relation to agricultural grassland management. Ardea
95(1):39–54 DOI 10.5253/078.095.0105.

Seastedt TR, Crossley DA Jr. 1984. The influence of arthropods on ecosystems. BioScience
34(3):157–161 DOI 10.2307/1309750.

Streeter D, Hart-Davies C, Hardcastle A, Cole F, Harper L. 2009. Collins flower guide. The most
complete guide to the flowers of Britain and Europe. London: Collins.

Tscharntke T, Brandl R. 2004. Plant-insect interactions in fragmented landscapes. Annual Review
of Entomology 49(1):405–430 DOI 10.1146/annurev.ento.49.061802.123339.

Tsiafouli MA, Kallimanis AS, Katana E, Stamou GP, Sgardelis SP. 2005. Responses of soil
microarthropods to experimental short-term manipulations of soil moisture. Applied Soil
Ecology 29(1):17–26 DOI 10.1016/j.apsoil.2004.10.002.

Van Dijk AJ, Boele AJ, Hustings F, Koffijberg K, Plate CL. 2010. Broedvogels in Nederland in
2008. Beek-Ubbergen: SOVON Vogelonderzoek Nederland.

Vickery JA, Tallowin JR, Feber RE, Asteraki EJ, Atkinson PW, Fuller RJ, Brown VK. 2001. The
management of lowland neutral grasslands in Britain: effects of agricultural practices on birds
and their food resources. Journal of Applied Ecology 38(3):647–664
DOI 10.1046/j.1365-2664.2001.00626.x.

Wood SN. 2011. Fast stable restricted maximum likelihood and marginal likelihood estimation of
semiparametric generalized linear models. Journal of the Royal Statistical Society: Series B
(Statistical Methodology) 73(1):3–36 DOI 10.1111/j.1467-9868.2010.00749.x.

WWF. 2018. Living planet report 2018: aiming higher. Grooten M, Almond REA, eds. Gland:
WWF.

Yang LH, Gratton C. 2014. Insects as drivers of ecosystem processes. Current Opinion in Insect
Science 2:26–32 DOI 10.1016/j.cois.2014.06.004.

Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM. 2009.Mixed effects models and extensions
in ecology with R. New York: Springer Science Business Media, LLC.

De Felici et al. (2019), PeerJ, DOI 10.7717/peerj.7401 22/22

http://dx.doi.org/10.1016/S1164-5563(01)01101-3
http://dx.doi.org/10.1016/j.tree.2010.01.007
https://cran.r-project.org/
http://dx.doi.org/10.1093/ee/12.6.1883
http://dx.doi.org/10.1093/aesa/70.1.51
http://dx.doi.org/10.5253/078.095.0105
http://dx.doi.org/10.2307/1309750
http://dx.doi.org/10.1146/annurev.ento.49.061802.123339
http://dx.doi.org/10.1016/j.apsoil.2004.10.002
http://dx.doi.org/10.1046/j.1365-2664.2001.00626.x
http://dx.doi.org/10.1111/j.1467-9868.2010.00749.x
http://dx.doi.org/10.1016/j.cois.2014.06.004
http://dx.doi.org/10.7717/peerj.7401
https://peerj.com/

	Abundance of arthropods as food for meadow bird chicks in response to short- and long-term soil wetting in Dutch dairy grasslands ...
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


